Abstract: When studying electrochemical processes, one of the most widely used methods of determining the reaction pathway is an electrochemical assay of products using a rotating ring-disk electrode (RRDE). An RRDE tip consists of two electron conducting parts: a centrally located disk and a ring around it. When brought into contact with an electrolyte solution, the disk and the ring both form electrodes, the potentials of which can be independently controlled by a bi-potentiostat. When the tip is rotated, reactants from the solution arrive at the disk where they undergo an electrode reaction (oxidation or reduction) at a given rate, depending on the rotation speed. The formed products leave the disk surface and due to forced convection make their way towards the ring electrode where they can undergo another electrode reaction and can thus be detected. Normally, one applies potentiostatic control to at least one of the electrodes when carrying out an RRDE experiment; albeit the simultaneous potentiodynamic perturbation of the electrodes offers an increased applicability range. This paper presents the construction of a measuring system capable for the "bi-potentiodynamic" perturbation of two working electrodes, and demonstrates the use of such methods in case of a few chosen example systems.
Introduction
In chemical industry, civil engineering, environmental protection and corrosion testing electrochemical methods [1, 2] are very often used techniques of chemical characterization. This is due to the relatively low cost of the measuring equipment and the availability of standardized techniques. One of the most often used instruments in both electrochemical research and in applied electrochemistry is the potentiostat.
A potentiostat is a device used for keeping the potential of a working electrode (the electrode under study) at a constant level with respect to a reference electrode by adjusting the current at an auxiliary electrode. It consists of an electric circuit which provides voltage control by the use of operational amplifiers ( Figure 1 ). Depending on their design, potentiostats may be used not only to stabilize a constant potential but also to control the potential of the working electrode according to a time-dependent voltage waveform. Bi-or multi-potentiostats are similar circuits that can control the potential of two or more working electrodes (with respect to the same reference and by using one auxiliary electrode).
Nowadays potentiostats and galvanostats designed for an everyday laboratory use are commercially available products. These instruments provide a straightforward way of making standard electrochemical and electroanalytical measurements, even for an untrained staff. As a result of the fact that the instruments are highly automated -controlling the device, as well as visualizing and evaluating the measured data can usually be carried out by using software-, the job of the operator is simplified to a great extent.
The advances in electrochemical instrumentation have very significantly improved the reproducibility, accuracy and speed with which electrochemical experiments can be performed. However, in the pursuit of fulfilling the needs of applied science, the manufacturers of potentiostats often neglect the demands of fundamental research [3] . The primary instruments of electrochemical research more and more become "black boxes" and only limited efforts are devoted to the design of new instruments. Consequently, methodological developments often require the design of new, "home-made" measuring systems.
In this paper the construction and application of a new electrochemical measuring system [4] , developed in our research group, is described. By the use of the presented measuring system, significant improvements [4] [5] [6] [7] [8] have been made to electrochemical methods based on the use of rotating ring-disk electrodes (RRDEs). A common feature of these methods is that they apply potentiodynamic control to both working electrodes at the same time.
The advantages of dual potentiodynamic control were first made use of for the investigation of gold dissolution upon potential excursions to the region of oxide formation, for which two techniques -phase-shifted dual cyclic voltammetry [5] and synchronous dual cyclic voltammetry [7] -have been utilized. The latter technique, as is going to be shown, yields results that are more easily quantifiable; however both techniques are superior to "standard" RRDE techniques in terms of reproducibility. While in standard RRDE measurements the surface of the collector electrode loses sensitivity due to long-time conditioning at a certain potential, in case of dual voltammetry the ring potential is continuously scanned, thus the ring surface is under constant "electrochemical polishing".
Dual potentiodynamic control is also expedient in the detection of reaction products at a large potential range, as it was shown for the case of oxygen reduction occurring on gold [6, 7] . This reaction yields products (primarily H 2 O 2 ) that can undergo faradaic reaction at the collector (ring) electrode surface.
The original workstation (described in Reference [4] ) has recently undergone serious improvements and -by the implementation of on-the-fly Fourier analysis-can now be used in an essentially non-faradaic detection mode as well, when one carries out single-frequency capacitance measurements on the ring [8] .
The aim of this paper is to review results that became available by the application of dual potentiodynamic control to the two working electrodes of an RRDE. For readers who are not familiar with RRDE methods, a short introduction is given in the next section. For a more basic introduction to electrochemistry and electrochemical measurements in general, the reader is directed to other sources [1, 2] .
Electrochemical experiments with rotating ring-disk electrodes
When studying the mechanisms of electrochemical processes, one of the most convenient and widely used methods of determining the reaction pathway is an electrochemical assay of the reaction products using a rotating ring-disk electrode (RRDE) [9, 10] . The first RRDE was developed by Frumkin, Levich and their coworkers in 1959 [11] .
As a typical example of so-called generator-collector assemblies, an RRDE tip consists of two electron conducting parts: a generator, the centrally located disk, and the collector, the ring around it. Disk and ring are separated by a gap that is filled with the same insulating material that is used for constructing the outer shroud ( Figure 2 ). The tip is immersed into a solution of interest already containing the reference and the auxiliary electrode and all four electrodes are connected to a bi-potentiostat [12] through separate leads.
The cylindrical symmetry of the RRDE allows for an accurate control over the mass transfer rate of electroactive species dissolved in the solution. When the tip is rotated, reactants from the solution arrive at the disk where they undergo an electrode reaction (oxidation or reduction) at a given rate, depending on the speed of rotation. Products formed at the disk electrode leave the disk surface and due to forced convection make their way towards the ring electrode. The potential of the ring, ring , can be regulated independently from the potential of the disk, disk ; that is, when an appropriate value of ring is used, the portion of disk reaction products reaching the ring electrode can undergo there another electrode reaction and can thus be detected.
RRDEs have many advantages but a few drawbacks as well. For example, the collection efficiency of other generator-collector devices (such as microelectrode arrays) is higher, which gives such systems an advantage in detecting small amounts of generator electrode products. Nevertheless, it is a considerable advantage of RRDEs that in experiments employing this technique hydrodynamic constraints assure that the current-potential characteristics of the generator electrode remain unaffected by the presence of the collector. This is not the case when using other devices, microelectrode systems included. So far, when RRDEs were employed to detect intermediates of electrode reactions, mainly one of the following techniques were used: -A current-potential curve was recorded at the disk while the ring potential was held at a constant value where the intermediates or products are reduced or oxidized. -The disk was held at a potential where intermediates or electroactive products were formed and the ring was maintained at a potential at which they have undergone electron transfer. -The disk was held at a potential where the reaction of interest took place, and a current-potential curve was then recorded at the ring. -The subject of observation was the transient shielding of the ring current for the electrolysis of a species upon stepping the disk potential to a value where this species was adsorbed.
The common feature of all the above techniques was that the potential of at least one of the two electrodes was held constant during the experiment. However, independent and dynamic potential programs can also be applied (simultaneously) to the disk and the ring electrodes and when appropriate potential programs are applied, the se-lectivity and sensitivity of RRDE systems can significantly be increased [5] . Unfortunately, almost all the commercial software available today support only the traditional techniques listed above; thus, carrying out dual potentiodynamic measurements is, from an instrumentation point of view, not straightforward. The electrochemical workstation presented in this paper provides solutions for the dynamic and simultaneous control of two working electrodes, thereby making it possible to carry out unique electrochemical measurements.
Design of the measuring system
The operating principle of the measuring system ( Figure 3 ) is based on the use of a bi-potentiostat to regulate the potentials of the disk and ring electrodes of an RRDE simultaneously, according to analogue controlling waveforms. These are provided by high speed, high resolution digitalto-analogue converters. In the meantime, the disk and ring potentials as well as the disk and ring currents are monitored at a high sampling rate by the use of analogue-todigital converters. The workstation consists of the following hardware modules: -A 4-electrode electrochemical cell, holding an RRDE as well as an auxiliary and a reference electrode. The RRDE can be rotated at a given rate by utilizing a PINE AFMSRCE electrode rotator unit. -A bi-potentiostat is used to control the potentials of the disk and ring electrodes independently and to measure the electrode potentials and currents. -Two software-controlled National Instruments PCI data acquisition cards installed in a computer are used to generate analogue controlling waveforms going into the bi-potentiostat, and to measure the output signals coming out of it.
Primary devices: bi-potentiostats
Modern bipotentiostats substantially differ from that presented in 1967 by Napp et al. [12] . In the past few decades, several improvements have been made to these devices, which resulted in a higher bandwidth, stability of response and convenience. A simplified circuit of a modern bipotentiostat (PINE AFRDE5, [13] ) is shown in Figure 4 . The circuitry of the potentiostatic control of the disk electrode consists of the potential follower PF1 and the control amplifier CA1 (the input of which is connected to the auxiliary electrode), and the current-to-voltage converter CTV. Serving as a current sink, CTV keeps the disk electrode at virtual ground by means of its current feedback loop; meanwhile, the amplifier CA1 maintains the difference between the disk and the reference electrode at the desired value. The circuitry required for the potentiostatic control of the second electrode (the ring) consists of the potential follower PF1, the inverter I, the control amplifier CA2 and the potential follower PF2. The role of CA2 is to make the potential difference between the ring electrode and the reference electrode equal to the voltage of the excitation signal.
As it can be seen in Figure 4 , the auxiliary electrode is included in the control loops of both working electrodes, the current that flows through it is thus the algebraic sum of the disk and ring currents. By the application of a circuit like this, simultaneous potential control of the two working electrodes can be achieved. In many cases however, an equally efficient bipotentiostatic control can also be achieved by using two "single" potentiostats instead of a bipotentiostat.
The technical feasibility of this approach depends on the grounding concepts of the devices; that is, two or more potentiostats can be used in a multi-pontetiostat assembly provided that their circuits ground the auxiliary (or, alternatively, the reference) and not the working electrode. For example, the XPot potentiostats manufactured by Zahner Messsysteme, Kronach, Germany [14] can be operated by placing the auxiliary electrode to ground, thus these devices can be used to create a bipotentiostatic setup.
Automated control and measurement
Our measuring system extensively relies on the various functionalities provided by the PCI-4461 [15] and PCI-6014 [16] data acquisition (DAQ) devices from National Instruments. These are used for generating and measuring analogue voltage signals: PCI-4461 is a high accuracy DAQ module with 24 bits resolution, 204.8 kS/s maximal sampling rate, 2 analogue input and 2 analogue output channels, while PCI-6014 is a DAQ module with 16 bits resolution, 200.0 kS/s maximal sampling rate, 2 analogue output and 8 differential analogue input channels. The main tasks of the DAQ devices are described in Table 1 . The software controlling the experiments was written in the LabVIEW programming language [17] .
When using the measuring system, the software continuously monitors the measured data and stores them in the memory or on a hard drive. The measurements can be visualized in real-time by using graphs of different kind. Multiple graph windows can be viewed together at the same time, with each graph customized according to the needs of the user: different quantities can be assigned to the axes, the range of which are adjustable (or autoscaled). Moreover, there are various options for zooming and panning the graphs as well.
The graphical interface ( Figure 5 ) has a user-friendly design: adjusting the experimental parameters, as well as changing the system settings are made straightforward by using a so-called "Ribbon" structure, context menus and keyboard short-cuts. Saving the measured results is possible in an ASCII-coded format but the software also on-demand (bound to a user-action event in software)
PCI-6014 AO0 Analogue output channel that can be set to a given voltage value from the software to control the rotation rate of the RRDE. Resolution: 16 bits at 10 V, a value of 10 V results in a rotation rate of 10 000 min −1 of the PINE model AFMSRCE rotator.
on-demand (bound to a user-action event in software)
Figure 5: Screenshot of the software controlling the measuring system. The main window containing a graph with measurement results is shown in the background. The window used for waveform generation is the one in the foreground.
provides an option for saving the "raw" (unaveraged) data in the form of binary-coded files. The saved data can later be analysed and evaluated; however, since the measuring system was designed for non-standard measurements, the evaluation of the data often requires special algorithms [6] . These algorithms are implemented in additional program modules.
RRDE experiments based on "dual potentiodynamic perturbation" techniques
The fact that the potentials of the disk and ring electrodes can be controlled independently and synchronously according to time-varying waveforms makes our measuring system capable of carrying out non-standard RRDE experiments [4] [5] [6] [7] [8] in which both the disk and the ring electrodes are under potentiodynamic (rather than potentiostatic)
control. In what follows we give a few illustrative examples in order to demonstrate the advantages of dual "potentiodynamic perturbation" as applied to rotating ringdisk electrodes.
Investigations on the reduction of the surface oxide of gold
Experimental.
For the experiments described in this section "PINE AFE7R8" RRDE tips (collection efficiency: 22%) were used; both the disk (geometric surface area: 0.1642 cm 2 ) and the ring (geometric surface area: 0.0370 cm 2 ) were made of polycrystalline gold. The gap size between the ring and the disk was 178 μm. The electrode surface was firmly polished with diamond suspensions (Struers) down to a diamond particle size of 0.1 μm. The RRDE tip was then rinsed with pure ethanol, and in order to thoroughly remove all traces of contamination from the surface, it was cleaned ultrasonically for several minutes and washed extensively with ultrapure water. Every glass parts used in the experiments were immersed in Caro's acid, rinsed in de-ionized water, and cleaned by steam. The measurements were carried out by bringing the RRDE in contact with 0.5 mol dm −3 sulphuric acid solution. The electrochemical cell contained a separate reference compartment being connected to the cell by a Luggin capillary positioned ∼ 1 mm below the RRDE surface. A gold plate with large surface was used as an auxiliary electrode, and a saturated calomel electrode (SCE) was applied as a reference. The sulphuric acid solutions were made by dilution of concentrated sulphuric acid (Merck) with Milli-Q water. In order to remove any traces of dissolved oxygen, the solution was vigorously purged with a pure argon flow before actual measurements and an Ar blanket was maintained during the measurements.
It is well known from literature [18, 19] that during the reduction of the surface oxide layers of a gold electrode, oxidized gold species can leave the electrode surface. These species can be detected on the ring electrode of an RRDE at ring potentials lower than that of the oxide reduction peak seen on gold cyclic voltammograms (CVs) [18] .
The traditional technique of detecting the reducible species using a gold disk/gold ring RRDE is to record cyclic voltammetric curves at the disk (Figure 6(a) ), while keeping the ring electrode at an appropriately chosen, constant potential (0 V vs. SCE, Figure 6 (b)).
As shown in Figure 6 , two small cathodic peaks can be observed in the measured ring current curves. These peaks (denoted with P1 and P2 in Figures 6(b) and (c)) appear in parallel with the reduction of the surface oxide layer and the formation of the surface oxide, respectively. However, as it is clearly visible in Figure 6 , the intensity of the detected peaks significantly decreases with the number of potential cycles applied to the disk. As in the meantime the disk CVs themselves do not change, this indicates that the electrocatalytic activity of the ring electrode decreases remarkably with time (most probably due to contaminations from the solution).
This issue, which makes the reproducibility (and also the quantitative interpretation) of the measurements questionable, can be successfully overcome by the simultaneous application of dual dynamic perturbing waveforms to both the disk and ring electrodes, as illustrated by Figure 7 .
The measurements presented in Figure 7 were carried out by recording cyclic voltammograms not only at the disk, but also at the ring electrode at the same time. Similarly to the measurements presented before, the disk was polarized at a rate of 50 mV/s between vertices of −500 and 1400 mV vs. SCE. Simultaneously, the ring CVs were taken within the boundaries of the double-layer region, between 200 and 675 mV, at a rate of 12.5 mV/s. The triangular waveforms controlling the potentials of the disk and ring electrodes were therefore synchronous (meaning that they both had a frequency of =
76
Hz), and a phase shift of 180 ∘ was introduced in-between them (see the inset of Figure 7 ).
It can be seen in Figure 7 that both the disk and the ring CVs have a different shape when the electrode is 
stagnant (non-rotating, marked with a green dashed line)
and when it is rotated at a frequency of 500 min −1 (solid red line). It can also be seen in Figure 7 that if the RRDE tip is rotated (red curve), the two peaks we have seen before in Figure 6 (marked with P1 and P2) can be observed in the ring CV. Since the triangular perturbations of the two electrodes are synchronous (they are of the same frequency) and they are shifted with 180
∘ with respect to each other, the points of each curves in Figure 7 with a matching horizontal coordinate coincide with each other in time.
By subtracting the ring currents measured at a stagnant electrode from those measured when the electrode is rotating (i.e., by calculating the difference of the red and the green curves in Figure 7 (b)), the plot in Figure 7 (c) can be created.
In this representation the intensities of the peaks P1 and P2 are much higher compared to the conventional RRDE results presented in Figure 6 , and the resolution is also significantly improved. A very important advantage of this technique is that by the continuous potential cycling, the ring electrode surface is kept clean and unlike the "constant ring potential" experiments, no sensitivity loss can be experienced. (The curve of Figure 7 (c) represents multiple overlaying ring CVs while in Figure 6 (c) only a segment of the (continuously changing) ring currents was shown.) Based on the application of this method we can confirm the results found in the literature that the reducible (oxidized gold [5, 19] ) species responsible for the peaks appearing in the ring current are mainly produced during the reduction of the 2D surface oxide layer (see peak P1' on the disk CV of Figure 7 (a)); however we can also point out that the formation of the surface oxide yields reducible side-products as well (see peak P2' in Figure 7(a) ).
Creating 3D maps of electrode reactions by dual dynamic measurements at an RRDE
Experimental. Experiments described in this section were carried out exactly as described in Section 3.1 with the difference that the 0.5 mol dm −3 sulphuric acid solution, in which the measurements were taking place, was saturated with air.
The capability of our measuring system to carry out dual potentiodynamic measurements has also been utilized for studying the oxygen reduction process (ORP, [20] ) on a polycrystalline Au|H 2 SO 4 electrode. The ORP at gold surfaces has been extensively studied in the literature, and it has been established that in acidic media, the process usually involves the formation of hydrogen peroxide. The peroxide intermediate is reduced to water only at more negative potentials. Whether the 2e − or the 4e − process is more favourable on a polycrystalline gold surface is known to be a function of the electrode potential and the pH; however, to identify the potential region at which the two-electron pathway is dominant is not always straightforward. The application of the dual potentiodynamic perturbation technique makes it possible to estimate the disk potential at which the maximum amount of peroxide is formed, and thus can yield useful information regarding this matter. The general idea of the experiment is to apply a slow rate linear sweep perturbation to the disk electrode potential, while recording cyclic voltammograms of a high sweep-rate from the ring. The At the beginning of the disk scan, while the disk potential is more positive than the negative potential limit of the double-layer region (section a), the cyclic voltammograms measured at the ring are characteristic for a clean polycrystalline Au electrode, and show no "collectionrelated" effects. However, as the disk potential becomes more and more negative (section b), significant changes of the ring CVs can be observed. One of these observable features is that the absolute values of the cathodic ring currents measured at negative ring potentials begin to decrease as the reduction of oxygen begins on the disk. This effect is termed shielding, and is a result of the fact that with decreasing disk potentials, the oxygen content of the solution reaching the ring electrode also decreases. The intensity of shielding thus indicates the lack of oxygen in the solution that is caused by the disk electrode process.
Apart from the shielding effect, signs of actual collection can also be seen on the ring CVs of Figure 9 . This effect can be seen at positive ring potentials in the form of an anodic current. The anodic current is attributed to the fact that the hydrogen peroxide formed at the disk can get oxidized on the ring electrode if its potential is positive enough. The signal begins to appear as the disk potential gets to approximately 70 mV, and increases continuously until the disk potential reaches the value of approximately −310 mV. However, a notable feature of this effect is that as the disk potential gets even more negative and enters section c, the measured ring signals begin to decrease again.
The results of Figure 9 can be better visualized if we plot the changes of the ring currents as a function of the disk and ring potentials in form of a three-dimensional surface such as that shown in Figure 10 [4, 6, 7].
RRDE Studies based on capacitance measurements on the ring electrode
So far we only presented RRDE studies that were based on the detection of faradaic currents at the ring electrode, although the RRDE configuration can be used in an essentially non-faradaic detection mode as well [8] . Let us consider the case when an electrochemical reaction taking place on the generator yields only products which are neither reducible nor oxidable on the collector in a reasonable potential range. These products, under steady-state conditions, should not be detectable as they cannot be involved in any charge transfer reaction. This does not mean, however, that the species may not interact with the collector electrode at all: the species can, for example, modify the structure of the electrical doublelayer, which can occur by means of specific adsorption, by changing the concentrations in the diffuse double layer, etc. Such effects are, in principle, detectable by measuring the ac capacitance of the collector electrode. In what follows we present the use of this technique for studying the overoxidation of a conductive polymer, poly(3,4-ethylenedioxythiophene) (PEDOT) [21, 22] .
The electrochemical and mechanical properties of thin PEDOT films deposited on gold have already been investigated in aqueous sulfuric acid solutions [23, 24] . It was shown that a sufficiently positive electrode potential ( > 800 mV vs. SCE) may lead to the overoxidation of the polymer. The structural changes that accompany this process result in a distorted electrochemical and mechanical behaviour, as observed by surface stress measurements, cyclic voltammetry, electrochemical impedance spectroscopy, and by scanning electron microscopy (SEM) [23, 24] . Apart from the morphological changes, overoxidation can also affect the charge structure of the polymer film. PEDOT is a redox conductive polymer that incorporates counter-ions from the surrounding electrolyte solution in order to maintain electroneutrality, thus its charging processes may involve a detectable counterion flux leaving the film [25, 26] .
For this reason, the Au|PEDOT|0.1 mol dm −3 H 2 SO 4 electrode seems to be a promising target for studying the counter-ion flux accompanying the charging and discharging processes, as well as the degradation of the polymer film. Similar studies have already been carried out by the use of rotating ring-disk electrodes [27] [28] [29] , but these were confined to target systems where electrochemically oxidable (usually halide) counter-ions were involved in the flux, providing means for faradaic detection. Sulphate, the most predominant counter-ion in the system studied here, is not detectable by such means; yet it may be specifically adsorbed on a bare gold ring [30] at well-chosen potentials, causing measurable changes of the interfacial capacitance.
Experimental.
Measurements presented in this section were carried out with the same gold disk/gold ring RRDE (PINE AFE7R8AuAu) as in the previous sections. Prior to the measurements, the disk was covered with PEDOT under galvanostatic conditions. All the glass parts of the cell were thoroughly cleaned by Caro's acid, a subsequent rinsing with MilliQ water and by vapour steam cleaning. Prior to the polymer deposition, the RRDE tip was mirror-polished first by the use of SiC paper, then with a diamond suspension (finest grain size: 0.1 μm). sulphuric acid solution (analytical grade, Merck). The solution was purged by Ar and the measurements took place in an Ar atmosphere. A gold sheet with large surface area was used as an auxiliary electrode, and NaCl-saturated calomel (SSCE) was applied as a reference. The reference electrode compartment was separated from the rest of the cell by a Luggin probe.
The operating principle of the applied measurement method is that while the disk electrode potential is Figure 11 : Changes of the ring capacitance (red curve, calculated by the sine-wave correlation method described in [8] ), as the disk is polarized with triangular sweeps of different upper vertices (green triangles). Selected cyclic voltammograms are shown in the orange box inset. The RRDE was rotated at 500 min −1 during the experiment. SEM images (measured ex-situ on a different gold substrate) demonstrate the effect of film degradation: after polarizing the disk electrode to 1200 mV, the film degrades, and the underlying gold surface becomes partially visible (see the exclamation mark in the SEM image to the right). Figure adapted from [8] .
arbitrarily controlled, a small-signal sinusoid voltage perturbation of a given frequency is applied to the ring. Determining the capacitance of the ring electrode ( ring ) is in this case possible by a synchronized sampling of the ring current and potential. Both of these are sinusoid signals, and by determining the ratio of their amplitudes and the phase shift between them, the impedance (and, subsequently, the capacitance) of the electrode can be calculated [8] .
In case of the measurements presented in Figure 11 the ring potential was set to a 600 mV vs. SSCE dc level and a sine-wave perturbation (frequency: 20 Hz, amplitude: 5 mV) was applied to it. In the meantime, several cyclic voltammograms were recorded on the disk electrode. The lower vertex of these CVs was set to −200 mV vs. SSCE and the applied sweep-rate was 10 mV/s. After recording a few potential cycles with the same parameters, the upper vertex potential of the cycles was gradually increased (from 600 to 800, then to 1200 mV, as shown by the green curve in Figure 11 ). Increasing the upper vertex potential to above 800 mV has triggered strong anodic currents on the disk, indicating the overoxidation and subsequent degradation of PEDOT. This is visualized by the CVs, as well as by the SEM images in the insets of Figure 11 . The calculated ring capacitance shows a net decrease with time: this is probably due to a continuous adsorption of some organic species to the electrode surface. However, a closer inspection of this curve reveals a certain periodicity with the applied disk potential; the ring capacitance curve shows local maxima when the disk electrode is negatively polarized. This effect becomes more obvious after a slight overoxidation of the PEDOT film, which can be interpreted as a result of the increasing film surface area and/or the effect of free gold surfaces becoming available due to the degrading polymer film. (See also the SEM images in the insets of Figure 11 .)
Interpreting this behaviour is possible by assuming that at sufficiently positive potentials the increased porosity of the film and the free gold surfaces may provide new adsorption sites for the sulphate counter-ions in the electrolyte solution, while at more negative potentials they may release the previously adsorbed sulphate. This effect can account for the temporary increases of the measured ring capacitance (indicating sulphate flux), as shown in Figure 11 . For more details of this measurement, see [8] .
Summary
In this paper we gave an overview of a measurement apparatus capable to carry out bi-potentiodynamic measurements on rotating ring-disk electrodes and by reviewing the previous work of our research group [4] [5] [6] [7] [8] we attempted to demonstrate the advantages of this novel measurement technique.
By using a rotating gold ring-gold disk|0.5 mol dm −3 H 2 SO 4 electrode setup, we were able to show that during the reduction of the surface oxide layer of gold at least one soluble, electroreducible gold species is escaping from the disk electrode, and we demonstrated that the potentiodynamic control of both electrodes is essential for carrying out reproducible measurements [5, 7] .
The method of dual potentiodynamic scanning was also used to study the oxygen reduction reaction as it occurs on a gold ring-gold disk|0.5 mol dm −3 H 2 SO 4 electrode. This method was capable of a direct monitoring of the formation of H 2 O 2 as a function of the disk potential during oxygen reduction and we showed that the new 3D representation of the data can be effectively used in order to reveal the formation of electroactive species in a disk electrode reaction [6, 7] . By the application of ac-perturbation based detection to a PEDOT-modified disk electrode in combination with a bare gold ring, it was also shown that the measured ring capacitance changes can be correlated to the polarization of the polymer film, thus an RRDE can also be effectively used for the monitoring of processes that do not yield any oxidable/reducible intermediates [8] .
In general, the simultaneous perturbation of the disk and ring electrode potentials of an RRDE with time-varying controlling waveforms seems to be an effective way of carrying out high-sensitivity collection experiments that can yield useful information on the mechanisms of various electrochemical processes.
